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Colour photographs are very vulnerable to the environmental conditions they are stored in. Although
ideal conditions of storage have been identiﬁed, these conditions are often not appropriate in archival
collections. Therefore, it is essential to understand how these environmental conditions affect degra-
dation in order to optimise material lifetime. Such information is typically obtained using accelerated
degradation experiments following ‘one-factor-at-a-time’ methodologies. However, when planned
using ‘Design-of-Experiment’ principles, such experiments provide more information with
fewer experimental runs, while information is provided not only on factor effects but also on
interactions between factors. This study employed a central composite experimental design plan to
develop a doseeresponse function relating the rate of degradation of dyes in colour photographs to
temperature (T), relative humidity (RH) and acetic acid concentrations (c(AA)), which had been identiﬁed
as the environmental parameters of greatest concern for colour photographs in archival collections:
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. This function now allows managers to
appraise various options of environmental management within their collections.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
All materials eventually decay. However, the rate depends on
the composition and condition of the material in question and, in
addition, on the presence and magnitude of environmental dete-
rioration factors (or agents). A thorough understanding of the effect
of the environmental parameters on degradation processes is
essential to optimise material lifetime.
This is equally of concern in the management of culturally
signiﬁcant material collections. In archives, photographic materials
based on silver halides, such as chromogenic colour prints, are
more sensitive to their environment than most other materials [1].
In fact, appropriate conditions quoted for chromogenic prints
include cool (10e16 C), cold (2e8 C), or freezing (<0 C) condi-
tions for extended storage, and 30e40% RH [2,3]. This is colder and
dryer than the recommended 20 C and 50% RH for other archival
materials [4], which are the typical environmental conditions
present in archival storage.
Data on the effect of deterioration agents on materials is
often obtained through accelerated degradation experiments.), t.fearn@ucl.ac.uk (T. Fearn),
All rights reserved.Accelerated degradation is thought to indicate “in a relatively short
period of time what will happen to materials [.] over a period of
years" [5]. The typical accelerated degradation experiments carried
out to predict the lifetime of materials under speciﬁc environ-
mental conditions follow the ‘one-factor-at-a-time’ method of
experimentation [6]. In this method, factors are varied one at a time
while the remaining factors are held constant.
Data on the degradation of imaging materials, including colour
photographs [7,8] have typically been elucidated using such
experimental methods and a limited number of samples. The latter
may be an issue given the extreme variability of chromogenic
colour prints. In addition, most deterioration agents do not operate
independently of each other and changes in one will often inﬂu-
ence the effect of another. Therefore, it is also appropriate to
investigate the presence of any interactions between factors.
An efﬁcient way of planning and optimising such experiments
involves principles of Design-of-Experiments (DOE). The key prop-
erty of DOE is that while several factors are varied simultaneously,
each factor may then be evaluated independently. As Box, Hunter
et al. [9] highlight, “if the factors do act additively, the DOE design
does the job with much more precision than one-factor-at-a-time
methods, and (2), if the factors do not act additively, the DOE,
unlike the one-factor-at-a-time design, can detect and estimate
interactions that measure this non-additivity”.
Fig. 1. Three-factor face-centred (a ¼ 1) central composite design. a) Points in the factorial portion of the design are coded to be 1 and þ1; b) Points in axial (star) portion of the
design are at (þa, 0), (a, 0), (0, þ a), (0, - a); c) the factorial and axial portions joined to give a CCD. The design centre is at (0, 0).
Table 2
The central composite design (CCD) with three independent variables (coded vari-
ables) showing the experimental runs (degradation experiments) carried out.
A. Fenech et al. / Polymer Degradation and Stability 97 (2012) 621e625622Hence, an advantage of DOE is that it allows for the maximum
amount of information to be extracted using the minimum number
of experiments [10,11]. DOE is also useful as it allows for straight-
forward handling of experimental errors and that it allows for data
extrapolation [11].
The simplest DOEs are often factorial experiments, where all
factors are varied simultaneously at a limited number of factor
levels [9]. More complex DOEs involve response surface designs.
Central Composite Designs (CCD) are possibly the most popular
types of response surface designs. They may be thought of as
a combination of three components (Fig. 1), namely:
a) a factorial DOE at two levels,
b) axial points (star design),
c) a centre point [12].
This paper investigates the effect of environmental factors on the
rate of degradation of chromogenic colour prints. In this accelerated
degradation experimental design, the effect of three factors e
temperature (T), RH and acetic acid concentration (c(AA)) - were
investigated using a face-centred CCD. Since the degradation of dyes
is a chemical reaction, Twas expected to have a signiﬁcant effect on
the reaction rate. RH was also investigated as moisture generally
accelerates the rate of degradation, although the exact mechanism
is not necessarily understood [6,13].
The third factor investigated was the effect of pollutants. It was
shown by Fenech et al. [14] that acetic acid is the most abundant
pollutant in archival boxes and it was also identiﬁed as the
pollutant most intensively promoting degradation [15]. Hence,
acetic acid was selected as the pollutant of greatest interest for this
study. The expected outcome of this study was a multiparametric
doseeresponse function relating the effect of T, RH and c(AA) on
chromogenic prints. Such a function can then be used to compare
the effect of various environmental scenarios on an archival
collection of such prints.Run x1 x2 x3 Point
1 1 1 1 Factorial
2 1 1 1 Factorial
3 1 1 1 Factorial
4 1 1 1 Factorial
5 1 1 1 Factorial
6 1 1 1 Factorial
7 1 1 1 Factorial
8 1 1 1 Factorial2. Methodology
2.1. Experimental design
A three factor, three-level face-centred CCD was used to deter-
mine the effect of environmental conditions on the rate of colourTable 1
Uncoded and coded levels of the independent factors.
Factor 1 0 1
c(AA) (ppb), x1 0 500 1000
RH (%), x2 20 40 60
T (C), x3 50 65 80change. Three independent factors, namely c(AA) (x1), RH (x2) and T
(x3) were considered relevant.
Each independent factor assumed three coded levels that
were 1, 0, and þ1 (Table 1). A value was then assigned to the 1
and þ1 levels for each factor, with 0 being assigned to the middle
value. The RH and c(AA) values were chosen to include the values
typically encountered in archival collections [16]. The values for T
were selected by considering the balance between accelerating the
degradation processes so that the effect could be observed in
a reasonable time and not moving too far from realistic storage
conditions.
A total of 17 different degradation experiments (including three
replicates of the centre point) were carried out according to a CCD
conﬁguration for three factors (Table 2). The CCD is smaller than
a 33 factorial experiment, which would have 27 runs, and much
more efﬁcient than 3 one-factor-at-a-time experiments which
would need 45 runs in total to give similar precision for the linear
and quadratic coefﬁcients of the ﬁtted equations.
2.2. Samples and apparatus set-up
95 photographs were chosen at random from the research
collection of chromogenic prints developed as part of the project.
The selected sample set represented a range of manufacturers and
dates of production. Sample preparation and apparatus set-up was
as discussed in Fenech et al. [15]. Samples were ﬂushed with the
appropriate conditions and measured using an X-Rite 530 Spec-
troDensitometer (D50/2 observation conditions, standard white
background) at least three times a week for one month at 80 C,
once a week for 4 months at 65 C and every two weeks for nine
months at 50 C (average of 14 data points per sample).9 1 0 0 Axial
10 1 0 0 Axial
11 0 1 0 Axial
12 0 1 0 Axial
13 0 0 1 Axial
14 0 0 1 Axial
15 0 0 0 Centre
16 0 0 0 Centre
17 0 0 0 Centre
Fig. 2. Frequency plot of ΔET for samples exposed to 80 C, 20% RH and 0 ppb acetic
acid. The samples exhibit a distribution not signiﬁcantly different from a normal
distribution, p > 0.05.
Table 3
Regression coefﬁcients for the ﬁrst order equation and results for the linear term.
The regression coefﬁcients are the coefﬁcients used to build the function relating the
effect of the factors on the rate of colour change. The t- and p- values are the results
for the signiﬁcance of these linear terms, S is the residual standard deviation and R2
the coefﬁcient of determination for the ﬁtted equation.
Term Coefﬁcient SE Coefﬁcient t-value p-value
Constant 31.79 1.27 25.04 0.00
c(AA) (ppb) 0.0002 0.0001 1.35 0.20
RH (%) 0.0101 0.0028 3.62 0.00
1000/T (K) 11.09 0.43 26.05 0.00
S ¼ 0.18; R2 ¼ 98.2%.
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sRGB has been identiﬁed as an appropriate colour space for
monitoring dye concentrations in chromogenic colour prints [15].
Therefore, sRGB values were calculated from reﬂectance spectra.
The overall colour change was calculated as ΔERGB of normalised
RGB values:
DERGB ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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Where ΔERGB is total colour change in terms of RGB, R0, G0 and B0 are
RGB values prior to accelerated degradation, and Rt, Gt and Bt are
RGB values at time t.
The rate of changewas calculated as the slope of a graph of ΔERGB
against time (in years ). The colour change per year was deﬁned as
the normalised annual colour change of the image, DET .
The ΔET of the collection of samples used in the experiment
was then calculated by averaging the values for all the 95
samples degraded under each of the environmental conditions of
interest.
2.4. DOE analysis
Statistical analysis of DOE data was carried out using Minitab
15.1.30.0 (Minitab Inc.) software package.
To ﬁt the model, the rate of degradation, ΔET, was converted to
its natural logarithm, and the temperature was converted to 1000/T
(in K) to allow for the dose-response function to follow the
Arrhenius equation.
3. Results and discussion
The objective of this study was to develop a multiparametric
doseeresponse function that quantiﬁes the effect of three envi-
ronmental factors - T, RH and c(AA) - on the rate of image degra-
dation in chromogenic prints using a DOE approach to accelerated
degradation experiments. These were planned following a face-
centred CCD.
To understand the characteristics of the collection, a frequency
plotofΔET for the95 individual sampleswasexamined foreachof the
experimental runs. In all cases, the results of aKolmogoroveSmirnov
test showed that normal distribution may be reasonably assumed
(Fig. 2), Z ¼ 0.836e1.259, p > 0.05. This indicated that the photo-
graphs can be considered as a single set in the DOE analysis and that
the mean ΔET for the set is an appropriate summary. This would not
have been the case had, e.g., a bimodal distribution been identiﬁed.
Degradation was accelerated by carrying out the experiments at
higher temperatures than encountered in a typical archival repos-
itory. The obtained results thus had to be extrapolated to the
temperatures expected in archival collections. Previous investiga-
tions within the photographic industry had shown good correla-
tions between Arrhenius test predictions and trade experience and
this is a widely used methodology in photographic companies,
including Kodak [17e19]. Therefore, it was assumed that extrapo-
lations would assume the form of an exponential function. To
enable this, natural logarithm of the rate of reaction and inverse
temperature should be used in calculations [19]. For this reason, T
was converted to 1/T and the normalised annual colour change, ΔET,
was converted into its natural logarithm. Due to the signiﬁcant
differences in magnitude between the resulting T, RH and c(AA)
coefﬁcients, the temperature parameter was multiplied by 1000.
Having speciﬁed the factors, a response surface model could be
ﬁtted. As is typical, a linear (ﬁrst-order) function was investigated
ﬁrst. The regression coefﬁcients for this linear model and results forthe linear term are presented in Table 3. The results for uncoded
variables are provided, to provide an idea of the relationship
between the effects of 1 unit of temperature, RH and acetic acid
concentration.
Having developed the DOE function, it was necessary to conﬁrm
the adequacy of the ﬁtted function, as an incorrect or under-
speciﬁed model can lead to misleading conclusions. The statistical
analysis indicates that the ﬁtted function was adequate, possessing
no signiﬁcant lack of ﬁt (p > 0.05) and with a very satisfactory R2
(98.2%).
The residuals of the ﬁtted function were also analysed to
examine the goodness of model ﬁt. If normal distribution of
residuals is to be assumed, the points on the normal probability
plot should lie close to a straight line, though these plots typically
exhibit noise in the tails. The Anderson-Darling statistics deter-
mines howwell a data set follows a speciﬁc distribution (normal in
this case). Randomness of residuals is then assessed using the
residuals versus ﬁt plot. This demonstrates a random pattern of
residuals on both sides of 0. Also, there should not be any recog-
nisable patterns in the residual plot. Another important way to
assess the goodness of ft is to add quadratic terms and interactions
Fig. 3. Normal probability plot of residuals. The straight line indicates that the residuals are normally distributed, meaning that the DOE function is a good ﬁt.
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and has the linear model was used.
In our case, both the normal probability plot (Fig. 3) and the
Anderson-Darling statistical analysis (AD¼ 0.12, p> 0.05) indicated
that the residuals were normally distributed. The residuals-versus-
ﬁt plot (not shown) demonstrates that the residuals are randomly
distributed as no recognisable pattern can be observed. These
observations indicated that the function ﬁts the empirical datawell.
Once the ﬁtness of the DOE function is conﬁrmed, the coefﬁ-
cients (Table 3) can be investigated. It is immediately apparent from
the t-value that temperature has by far the most signiﬁcant effect
on the rate of change. However, some sources have stated that RH is
the most important factor in the degradation of photographic
materials [1].
Although this is possibly true for gelatine itself, with respect to
the dyes the effect of moisture depends largely on the way the dyes
are incorporated into the gelatine layer [20]. Dyes are generally
more resistant if incorporation is carried out by suspending the dye
couplers in microscopically small droplets of an oily substance,
providing a hydrophobic environment (typical of the Kodacolor
principle), than if in a hydrophilic environment as occurs when the
dyes are made immobile by adding long-chain molecules to the
couplers (typical of the Agfacolor principle) [1]. It is, therefore,
worth mentioning that the Kodacolor principle is the main coupler
system used [1,21e23].
The value of the RH coefﬁcient was, nevertheless, around 50
times that of the acetic acid coefﬁcient (in ppb). The results also
indicate that while the effect of RH and T are statistically signiﬁcant
(p < 0.05), the effect of acetic acid is not signiﬁcant based on the
data collected (p > 0.05). In relation to the latter, it is important toTable 4
Regression coefﬁcients for the ﬁrst order polynomial equation and results for the
linear term for one individual sample (1989, Konica).
Term Coefﬁcient SE Coefﬁcient t-value p-value
Constant 30.83 0.028 34.84 0.00
c(AA) (ppb) 0.0003 0.00009 3.41 0.01
RH (%) 0.0150 0.0019 7.78 0.00
10000/T (K) 1.090 0.003 36.62 0.00
S ¼ 0.11; R2 ¼ 99.2%.note that although acetic acid concentration was found not to have
a signiﬁcant effect on the rate of chromogenic prints on average,
this does not mean that it has no effect on individual photos, and
that acetic acid can thus be allowed to accumulate. The analysis of
multiparametric doseeresponse functions for individual samples,
such as the example shown in Table 4, conﬁrms this. Statistical
analysis indicates that this particular ﬁtted function is also
adequate, possessing no signiﬁcant lack of ﬁt (p> 0.05), with a very
satisfactory R2 (99.2%) and normally distributed residuals. The
reason for such differences is that individual dyes and, hence,
individual photographs, may be much more sensitive to the effects
of acetic acid than others, as has already been identiﬁed in previous
work [15].3.1. Isoperms
The effect of environmental factors on the anticipated perma-
nence of materials is often presented in the form of isoperm
diagrams [24]. These diagrams provide a straightforward way of
appraising the effect of degradation factors on the material by
plotting curves describing ‘constant permanence’ [6].Fig. 4. RH (%) vs. T isoperm diagram showing curves of equal permanence. As in the
case of the Sebera isoperms [24], permanence at 20 C and 50% RH (and 0 ppb acetic
acid) is used to represent a permanence of 1.
Fig. 5. c(AA) (ppb) vs. RH isoperm diagram showing curves of equal permanence at
20 C.
Fig. 6. c(AA) (ppb) versus T isoperm diagram showing curves of equal permanence at
50% RH.
A. Fenech et al. / Polymer Degradation and Stability 97 (2012) 621e625 625Having developed a multiparametric doseeresponse function
comparing the effect of three environmental conditions,
two-dimensional diagrams can only be calculated by keeping one
parameter constant (Figs. 4e6). As was used by Sebera [24], the
temperature of 20 C and relative humidity of 50% were used to
represent a permanence of 1. As no pollutant concentration has
been speciﬁed for other isoperms, 0 ppb acetic acid was used to
represent a permanence of 1.
From the isoperms it is clear that a decrease in temperature of
1 C has an equal effect to a 13% increase in RH, and 1% RH equals
50 ppb acetic acid and, hence, 1 C equals around 650 ppb acetic
acid. Such information allows collection managers to make pres-
ervation decisions, including on resource allocation, in terms of the
required environmental conditions during storage.
4. Conclusions
This paper set out to identify the effect the principal degradation
factors in the storage environment have upon the lifetime of
chromogenic prints during storage in darkness. Having identiﬁed
that the three factors of greatest concern for prints stored within
mixed archival collections are temperature, RH and acetic acid, an
experimental plan for investigating their effect was designed. A
DOE approach using a central composite design was implemented
to develop this knowledge due to its ability to provide information
on factor interactions, besides on the effect of individual factors.
Data was collected during accelerated degradation experiments
and amodel was built and conﬁrmed as adequate. The DOE analysis
resulted in the development of the following multiparametricfunction relating the rate of reaction to temperature (T, in K), RH
(in %) and acetic acid concentration (c(AA), in ppb):
ln

DERGB
t

¼ 32þ 0:0002ðcðAAÞÞ þ 0:01ðRHÞ  11

1000
T

Although the effect of acetic acid in this equation is not statis-
tically signiﬁcant, the term is retained to indicate that acetic acid
does have an effect on chromogenic prints during dark storage and
that in individual cases it can be signiﬁcant.
This research efﬁciently demonstrates the potential of DOE
principles in the investigations of material stability. The developed
function now allows managers to appraise various options of
environmental management.
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